Investigation on the mixture formation, combustion characteristics and performance of a Diesel engine fueled with Diesel, Biodiesel B20 and hydrogen addition by ALDHAIDHAWI, Mohanad et al.
Science Arts & Métiers (SAM)
is an open access repository that collects the work of Arts et Métiers Institute of
Technology researchers and makes it freely available over the web where possible.
This is an author-deposited version published in: https://sam.ensam.eu
Handle ID: .http://hdl.handle.net/10985/17847
To cite this version :
Mohanad ALDHAIDHAWI, Radu CHIRIAC, Viorel BDESCU, Georges DESCOMBES, Pierre
PODEVIN - Investigation on the mixture formation, combustion characteristics and performance of
a Diesel engine fueled with Diesel, Biodiesel B20 and hydrogen addition - International Journal of
Hydrogen Energy - Vol. 42, n°26, p.16793-16807 - 2017
Any correspondence concerning this service should be sent to the repository
Administrator : archiveouverte@ensam.eu
Investigation on the mixture formation,
combustion characteristics and performance of a
Diesel engine fueled with Diesel, Biodiesel B20 and
hydrogen addition
Mohanad Aldhaidhawi a,b, Radu Chiriac a,d,*, Viorel Badescu a,e,
Georges Descombes c, Pierre Podevin c
a University Politehnica of Bucharest, Faculty of Mechanical Engineering, Spl. Independentei 313, Sector 6, 060042,
Bucharest, Romania
b Al-Furat Al-Awsat Technical University, Technical Institute of Kufa, Iraq
c CNAM e Laboratoire Chimie Moleculaire Genie des Procedes Chimiques et Energetiques, (CMGPCE-EA7341),
292 rue St-Martin, 75003, Paris, France
d Associated Member of CMGPCE-EA7341, CNAM, 292 rue St-Martin, 75003, Paris, France
e Romanian Academy, Calea Victoriei 125, Bucharest, Romania
a b s t r a c t
An experimental and numerical study was performed to investigate the impact of Biodiesel
B20 (blends 20% Rapeseed methyl ester with 80 % Diesel volumetric fraction) and different
energetic fractions of hydrogen content (between 0 and 5%) on the mixture formation,
combustion characteristics, engine performance and pollutant emissions formation. Ex-
periments were carried out on a tractor Diesel engine, four-cylinders, four-stroke, 50 kW/
2400 rpm, and direct injection. Simulations were conducted using the AVL codes (HYDSIM
and BOOST 2013). Simulation results were validated against experimental data, by
comparing the inline pressure, needle lift, in-cylinder pressure curves for Biodiesel B20 and
pure Diesel fuels at 1400 rpm and 2400 rpm, respectively, under full load operating con-
ditions. Good agreement with a maximum of 2.5% relative deviation on the peak results
revealed that overall operation conditions Biodiesel B20 provides lower engine perfor-
mance, efficiency, and emissions except the NOx which are slightly increased. The Bio-
diesel B20 has shorter ignition delay. By hydrogen addition to B20 with aspiration of the
intake air flow the CO emissions, smoke, and total unburned hydrocarbon emissions THC
decreased, while the NOx kept the same increasing trend for 1400 rpm and has not quite
apparent trend for 2400 rpm. The enrichment by hydrogen of Diesel and B20 fuels has not a
significant effect on ignition delay.
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Introduction
Presently, increasing attention is being directed towards Bio-
diesel as an alternative fuel used either pure or in blends in
compression ignition engines, due to the fact that Biodiesel is
an oxygenated and renewable fuel, sulfur-free, contains no
aromatics, is non-toxic and biodegradable. Biodiesel consists
of fatty acid methyl or ethyl ester-based fuels that are pro-
duced from animal fats or vegetable oils via a chemical pro-
cess called transesterification. Many researchers have argued
the advance in start of fuel injection, shorter ignition delay
and an advance in the combustion phase when using Bio-
diesel and its blends [1e7]. They reported as the main reason
of these effects Biodiesel physical and chemical properties
such as higher surface tension, higher cetane number
(46.6e62 for Biodiesel vs. 44e46 for petroleum Diesel), 10e12%
higher oxygen content, higher viscosity and lower volatility.
Previous studies [8e10] have focused primarily on the ef-
fect of Biodiesel on engine performance. Themajority of these
studies informed drops in effective power, effective torque,
while brake specific fuel consumption increases, when the
Biodiesel fraction in blend increases. The explanation of these
behaviors may be due to the fact that Biodiesel has a lower
heating value and higher density than pure Diesel fuel [11,12].
Several studies in the literature concluded that the carbon
monoxide, smoke and particulate matter size were decreased
when using Biodiesel and its blends in respect to Diesel fuel
[13,14]. The 10e12% oxygen content of Biodiesel, present dur-
ing the combustion process, and the higher cetane number of
Biodiesel and its blends improved the combustion and result-
ing on the exhaust gas emissions. How et al. [15] investigated
the effect of Biodiesel obtained from coconut as blends (B10,
B20, B30 and B50) in a Diesel engine with five different load
operating conditions (0.17, 0.34, 0.52, 0.69and0.86MPaasbrake
mean effective pressure BMEP) on the emissions, performance
and combustion characteristics. The results showed that Bio-
diesel blends fuels have significant influences on the brake
specific fuel consumption (BSFC), a slightly shorter ignition
delay and longer combustion duration, a large reduction up to
52.4% in smoke opacity compared to Diesel fuel.
Can [16] experimentally investigated the effect of using
Biodiesel obtained from waste cooking oil and its blends (B5
and B10) as fuels in a single cylinder, naturally aspirated direct
injection Diesel engine under four different engine loads
(BMEP 0.4, 0.36, 0.24, 0.12 MPa) at constant engine speed
2200 rpm. The results showed a slight decreased in break
thermal efficiency (BTE) up to 2.8%, themaximumheat release
rate and the in-cylinder pressure rise rate which were slightly
decreased, the brake specific fuel consumption increased up
to 4%, the smoke and total hydrocarbon emissions were
decreased, whereas, the NOx emissions were increased up to
8.7% for all engine loads. Sanli et al. [17] investigated a 136 kW
rated power direct injection CI engine fueledwithwaste frying
oil-based methyl and ethyl ester (pure Biodiesel and B20)
running at 600 Nmand different engine speeds (1100, 1400 and
1700 rpm). The results showed that the brake specific fuel
consumptions (BSFC) and the thermal efficiency were higher
of Biodiesel base ester fuels than those of Diesel fuel. In gen-
eral, they concluded that the ethyl ester Biodiesel released
relatively fewer emissions than methyl ester Biodiesel and
Diesel fuels.
Harch et al. [18] developed an engine combustion model
using the CFD software, AVL fire that can predict the perfor-
mance, emissions and component wear of the CI engine
fueled with second generation Biodiesel and its blends. The
effect of the Biodiesel blends (B5 and B10) on the fuel atomi-
zation, burning velocity, combustion duration, cylinder tem-
perature and pressure development in the combustion
chamber have been analyzed. The simulation results revealed
that, B10 Biodiesel provides better performance and efficiency,
and significantly reduction in engine emissions than Diesel
fuel. The effect of Rapeseed oil and its blends (B25, B50, and
B75) on Diesel engine performance was experimentally and
numerically investigated using AVL BOOST by Ref. [19]. The
study results showed that the advance in start of fuel injection
and start of combustion was apparent when used Biodiesel
and its blends.
Today, there are few studies investigating the association
of Biodiesel with hydrogen as a complementary fuel. Chiriac
and Apostolescu [20] studied the effects of hydrogen addition
to 20% of Biodiesel on emissions of a tractor Diesel engine
four-cylinders, four-stroke, direct injection system, of
50 kW at 2400 rpm which was fueled with Biodiesel Rapeseed
methyl ester. The investigation was carried out at 1400 rpm
and 2400 rpm at 60% load. A supplement of hydrogen to B20 by
aspiration in the intake air flow at 60% load lead to an increase
of NOx emissions up to 7% at high speed; a similar effect had
on petroleum Diesel fuel the enrichment with hydrogen.
Smoke and CO emissions were lowered by hydrogen addition
to B20. With the same objective, a numerical study was con-
ducted on a Diesel engine fueled Biodiesel with supplemen-
tary hydrogen (0.5, 1, 2 and 3% by volume) in the air intake
manifold at different engine speeds and loads [21]. The
simulation results showed that in terms of combustion, a
general increase was observed for the peak cylinder pressure
and for the heat release rate, while there was no significant
effect on ignition delay. In terms of emissions, the hydrogen
presence determined CO and soot emissions decreasing up to
23.5% overall tested operating conditions.
Uludamar et al. [22] set up a series of virtual experiments
using different types of biodiesel at blends with 20% and 40%
volume ratio, enriched with hydrogen by injection into the
inletmanifoldwith 3 L/min and 6 L/min flow rates. The results
were obtained on an unmodified four stroke four-cylinder
Diesel engine at various engine speeds under no load condi-
tion. Their data showed a reduction in CO, HC and NOx
emissions compared to biodiesel without hydrogen addition.
In another studywere investigated the engine performance
and exhaust gas emissions of Diesel engine fueled with Diesel
andbiodiesel enrichedbyhydrogen. This studywas carriedout
by Karagoz et al. [23]. The results obtained at constant engine
speed 1100 rpm and engine load (40%, 60%, 75% and 100%)
shown that engine load affects NOx emissions significantly,
with some increasing in THC emissions, while the CO2 and CO
emissions were decreased. In terms of efficiency, the brake
thermal efficiency decreased, whereas, peak in-cylinder pres-
sure values andpeakheat release rate valueswere increasedat
all engine loads with hydrogen addition compared with neat
Diesel and biodiesel fuel.
Baltacioglu et al. [24] reported that effective torque, effec-
tive power slightly increased, while brake specific fuel con-
sumption was decreased. Concerning emissions CO and CO2
decreased, but the NOx emissions were increased with bio-
diesel and biodiesel enriched hydrogen compared to pure
Diesel.
As shown in the above literature, a lot of efforts are being
made to use Biodiesel and its blends as fuel in compression
ignition engines to experimentally and theoretically address
issues related to performance, combustion and emission
characteristics. However, the experimental analysis requires
costly logistic support, while a simulation model can be
developed to predict engine performance, combustion and
emissions characteristics using Biodiesel and its blends fuels
with lower costs and time. Actually, the most common Bio-
diesel blends presently used on the market is B5 (5 percent
Biodiesel mix with Diesel fuel). It can be used in unmodified
Diesel engines and is marketed as regular Diesel in most
countries, but this blend does not affect the final fuel price.
The United States and the European Union are planning to use
B20 in the near future. Biodiesel B20 (20 percent by volume
Biodiesel in Diesel fuel) offers a good compromise between
features as cost, cold-weather start-up, environmental bene-
fits, material compatibility, and temperature stability [25].
The present work is an extension of the work reported
earlier by Chiriac and Apostolescu [20] with emphases on the
effect of Biodiesel B20 at full load and different engine speeds
on mixture formation, combustion and engine performance.
A simulation model is proposed by using AVL codes (HYSIM
and BOOST 2013) to predict the mixture formation, engine
performance, combustion characteristics and emissions. The
model was validated against experimental data. The effect of
enriched Diesel and B20 with different energetic fractions of
hydrogen content between (0e5%) on engine emissions and
combustionwas also experimentally addressed. The structure
of paper consists in five parts, starting with the introduction,
followed by the experimental setup, simulation procedure
and modeling, results and discussions and ending by the
conclusions.
Experimental infrastructure
A four-cylinder, four-stroke, naturally-aspirated, water-
cooled, direct injection tractor Diesel engine coupled with
devices for measuring equipment's in order to determine the
performance parameters, exhaust gas emissions and indi-
cating parameters was used in this study as shown in Fig. 1.
The experimental setup is extensively described in Ref. [20].
The basic engine specifications used in this study are: bor-
e stroke 102  115 mm, compression ratio 17.5:1, rated
output 50 kW at 2400 rpm, andmaximum torque of 228 Nm at
1400 rpm. An injection system Delphi comprising a DP210
rotary pump, pressure lines three Delphi fuel injectors having
five holes of 0.24 mm diameter with an opening pressure of
330 bars and one Perkins-Lucas injector supplied by WOLFF
Controls Corporation (WCC) comprising a Hall effect position
sensor for the needle lift recording was fitted on the engine.
Two AVL GM 12D pressure transducers with sensitivity
15.76 pC/bar were used to measure the in cylinder pressure,
and one AVL QL21D pressure transducer with sensitivity
2.5 pC/bar and maximum measuring range of 3000 bar was
used to measure high pressure line values.
The test bed adapted for multiple fuels operation has been
modified for the purpose of the present work, allowing the
engine to be alternatively fueled with the tested fuels, i.e.
Diesel and Biodiesel B20 enriched with hydrogen. The
hydrogen gas was stored in special bottles at high pressure
and was introduced through a dedicated line at low pressure
into the intakemanifold togetherwith the air flow. The special
instrumentation such as: pressure regulators, thermocouples,
pressure gauges, electronic precision gas flow meter type
Fig. 1 e Schematic layout of the test bench.
ALICAT Scientific M series, and two flame arrestors equipped
with one-way valve and an emergency rapid stop valve was
properly selected to ensure safety operation and monitoring
of the enginewhen it was partially fueled by the hydrogen gas.
The performance and emissions of the engineweremonitored
and registered at two engine speeds 1400 rpm (speed for
maximum brake torque) and 2400 rpm (speed for maximum
brake power), full load.
Simulation procedures
Due to advances in computational hardware, AVL Workspace
has become an option to study the mixture formation, engine
performance, and combustion characteristics and emissions
generation in a wide variety of engines. Hence, two models
were created to understand themixture formation using AVL-
HYDSIM, and AVL-BOOST was utilized to predict the engine
performance, combustion and emissions characteristics.
AVL-HYDSIM model
The numerical analysis of the injection characteristics is
presented in this work. The simulation model was created by
using the AVL-HYDSIM simulation program. The effect of
Diesel and Biodiesel B20 on the fuel mixture formation at
engine speeds of 1400 rpm and 2400 rpm under full load
operating conditions were investigated. Hence, the injection
components, such as: pump geometry, injection pipe, injector
geometry, nozzle bore, nozzle chamber, needle, nozzle orifice
were implemented in the AVL-HYDSIM code interface based
on the real values of the existing Delphi system. All the
components are linked together by pipes as shown in Fig. 2.
There are several parameters which must be implemented
for the program before starting the simulation. These pa-
rameters have been selected according to the fuel properties
and the fuel injection system parts dimensions. The model
considering the fuel injector with five 0.24mm diameter holes
with an opening pressure of 330 bars was selected in this
study. The injection pipes on the test bench were measured
and the correct dimensions were requested as input data for
the AVL-HYDSIM model.
AVL-BOOST simulation model
The numerical model was built using the AVL-BOOST 2013
simulation code toestimate the engineperformance, efficiency,
combustion characteristics and exhaust gas emissions. The
engine calibration parameters of the cylinder processes simu-
lation were selected by using the base documentation (AVL-
Fig. 2 e AVL-HYDSIM e simulation model.
BOOST Theory and AVL-BOOST Users Guide v2013) [26]. Hence,
the engine components, such as: the intake and exhaust man-
ifolds, cylinder geometry, air filter, hydrogen injector, system
boundaries and plenums were implemented in the BOOST
interface based on the real values which were taken from the
engine geometry on the test bed used in this study. All the
components are linked together by pipes as shown Fig. 3 [27].
The start and the rate of fuel injection, air and fuel mass
flow rate were experimentally measured and implemented in
the AVL-BOOST program for Diesel and B20 at engine speed
1400 rpm and 2400 rpm, full load. Many of the parameters
were changed in this visual manner, together with their net
effect on performance, combustion and emissions output in
order to fit the simulation results to the experimental data.
Usually a large number of simulation test runs are needed for
an accurate determination of the combustion model's pa-
rameters. The values of the calibration parameters were
chosen considering to the AVL-MCC combustion model and
the Woschni 1990 heat transfer model.
Results and discussions
In this part of the study, the results are collected under the
operating conditions and divided into two groups: the first
group of results is related to experimental and simulation on
the mixture formation, performance and emissions for the
two fuels tested, pure Diesel and Biodiesel B20 fuels. The
second group of results is related to the experimental data on
the pollutant emissions and combustion characteristics for
both fuels enrichedwith hydrogen in small energetic fractions
up to 5%.
Results related to experimental and simulation on mixture
formation and performance for pure Diesel and Biodiesel B20
fuels
Needle lift
The variations of needle lift versus the crankshaft angle po-
sition for Diesel and Biodiesel B20 experimental and numeri-
cal are presented in Figs. 4 and 5. It is clear from these pictures
that the needle lift of Biodiesel B20 fuel was slightly advanced
and has higher peak value than Diesel fuel overall operating
conditions. This may be due to the fact that Biodiesel has
higher bulk modulus, higher density and higher viscosity
resulting in increasing of the pressure in the injection pipe
leading thus to faster needle lift jump. Good agreements with
amaximum relative deviation of 3% on the peak needle lift are
obtained when compare with experimental data.
Sauter mean diameter (SMD)
Sauter mean diameter (SMD) is the average diameter of the
droplets that have the same volume to surface area ratio as
that of the total spray. The variation of the SMD with respect
to the crankshaft angle position at 2400 rpm and 1400 rpm and
full load operating condition numerically obtained is shown in
Fig. 6. As reveals this figure, the SMD of Biodiesel B20 is similar
to Diesel fuel for both speeds excepting the last part of the
injection process. Smaller values are registered for 2400 rpm
in the central part of the process but the trend is comparable
as for 1400 rpm, this being in accordance with higher in-line
pressures registered for 2400 rpm. For the main part of injec-
tion, the SMD presents not significant differences between
Diesel and B20 but at 1400 rpm in the end of injection, for B20 it
becomes larger than of Diesel fuel, and this is probably due to
the higher bulk modulus, density and viscosity of the Bio-
diesel. This finding is consistent with the results reported in
the study [28] which used Biodiesel and its blends in similar
Diesel engines.
In-line pressure
Figs. 7 and 8 show the variation of in-line pressure versus the
crankshaft angle position for pure Diesel and B20 at the same
operating conditions. It can be seen in these figures that the
in-line pressure is advanced and increased with higher
maximum values for B20 compared to the Diesel fuel. The
advance of the start of increase in the line pressure can be
explained due to the fact that Biodiesel has higher viscosity
relative to Diesel fuel. Overall operating conditions, the
simulation results related to in-line pressures for both engine
speeds and tested fuels are in an agreement with the experi-
mental data.
Fig. 3 e AVL-BOOST e simulation model.
Spray penetration
The spray penetration can be defined as the distance covered
by the spray tip through the combustion chamber as function
of time. The penetration distance in the combustion chamber
in the Diesel engines has crucial influence on air use and fuel-
air mixing rates. Variation of the penetration distance versus
the crankshaft angle position for Diesel and Biodiesel B20 at
the same testing conditions is shown in Fig. 9. Thus, the
penetration distance increases faster for Biodiesel B20 in
comparison with that of Diesel fuel. This increasing in the
penetration is probably due to the higher density and viscosity
of B20. The penetration distance of the tested fuels increased
Fig. 4 e Variation of needle lift for Diesel and B20-INDICOM experimental vs. HYDSIM simulation at 1400 rpm.
Fig. 5 e Variation of needle lift for Diesel and B20-INDICOM experimental vs. HYDSIM simulation at 2400 rpm.
Fig. 6 e Variation of SMD for Diesel and B20-HYDSIM simulation at 1400 rpm and 2400 rpm.
significantly for the rated power speed of the engine. Hence,
the peak penetration distance increased from 26.9 mm with
base Diesel to 27.1 mm for B20 at 2400 rpm and from 15.2 mm
for Diesel to 15.6 mm for B20 at 1400 rpm.
Spray cone angle
The spray cone angle is definedas the angle of the cone formed
by the tangents to the spray envelope crossing through the
nozzle orifice. Fig. 10 shows the spray cone angle produced by
Fig. 7 e Variation of in-line pressure for Diesel and B20-INDICOM experimental vs. HYDSIM simulation at 1400 rpm.
Fig. 8 e Variation of in-line pressure for Diesel and B20-INDICOM experimental vs. HYDSIM simulation at 2400 rpm.
Fig. 9 e Variation of spray penetration for Diesel and B20-HYDSIM simulation at 1400 rpm and 2400 rpm.
Diesel and Biodiesel B20 as a function of engine operating
conditions to the crankshaft angle position. The curves show
that there is a similar trend for spray cone angle variations for
the both tested fuels. The spray cone angle for Biodiesel B20 at
2400 rpm and 1400 rpm is lower than for Diesel fuel due to the
fact that Biodiesel B20 has a higher viscosity than pure Diesel.
More recent studies have confirmed this finding and they
concluded that the spray cone angle decreaseswhen Biodiesel
fractions are increased in blends [1,29,30].
Cylinder pressure
The variations of cylinder pressure with respect to the crank
angle, experimental and simulation for the Diesel and Bio-
diesel B20 at full load and engine speed 1400 rpm and
Fig. 10 e Variation of spray cone angle for Diesel and B20-HYDSIM simulation at 1400 rpm and 2400 rpm.
Fig. 11 e Comparison between experimental and simulation pressure traces for full load, 1400 rpm speed.
Fig. 12 e Comparison between experimental and simulation pressure traces for full load, 2400 rpm speed.
2400 rpm are presented in Figs. 11 and 12. It is clear from these
figures, that good fitting between the two pressure traces,
experimental and simulation overall operation conditions has
been acquired. The maximum relative deviation of 2.51% on
the peak fire pressure was registered when compared with
experimental data for Diesel fuel at 1400 rpm.
Engine performance
The engine performance, efficiency indicators and exhaust
gas emissions at the mentioned operation conditions, as
simulation resultswith relative deviations in comparisonwith
the experimental data are summarized in Table 1. The oxygen
content 10e12% wt/wt and higher cetane number of Biodiesel
Table 1 e Comparison between simulation and experimental results at engine speed (1400 and 2400 rpm) and full load for
Diesel and Biodiesel B20.
Fuel Te [N m] Pe [kW] BSFC [g/kWh] BTE [%] NOx [ppm] CO [ppm]
1400 rpm
Sim Exp Sim Exp Sim Exp Sim Exp Sim Exp Sim Exp
Diesel 221.5 224.21 32.6 32.86 239.3 236.39 35.1 36.4 1048.5 1045 839.5 864
St. dev 1.208% 0.79% 1.23% 3.57% 0.33% 2.83%
B20 218.12 216.2 32.19 31.71 250.95 254.97 33.8 33.3 1050 1027 640 637
St. dev 0.88% 1.51% 1.57% 1.5% 2.23% 0.47%
2400 rpm
Sim Exp Sim Exp Sim Exp Sim Exp Sim Exp Sim Exp
Diesel 190.4 188.4 47.8 47.4 252.5 255 34.1 33.7 625 640 590 612
St. dev 1.06% 0.84% 0.98% 1.18% 2.34% 3.59%
B20 188.7 186.5 47.5 46.80 257.9 261.8 34.6 34.2 714 726 551 538
St. dev 1.179% 1.49% 1.51% 1.169% 1.65% 2.41%
Fig. 13 e Rate heat release as a function of crankshaft position, at full load for Diesel and B20 at 1400 rpm and 2400 rpm.
Fig. 14 e Variation of NOx with hydrogen percentage at full load, 1400 rpm.
B20 improves combustion resulting in CO reduction but slight
increase of NOx emissions. Moreover, Biodiesel B20 having
higher density and lower heating value than Diesel fuel leads
to the increasing of BSFC with 7.6% coupled with a reduction
by 3.5% of the engine output at 1400 rpm.
Rate of heat release
The rate of heat release for Diesel and Biodiesel B20 as a
function of crankshaft angle position overall operation con-
ditions predicted by the simulation model are shown in
Fig. 13. The Biodiesel B20 registers an advance in the apparent
rate of heat release; the explanation for this behavior could be
the fact that Biodiesel B20 having higher bulk modulus and
viscosity leads to the slight advance in the start of injection
with the small modification of the premixed stage of com-
bustion process. Moreover, the rate of heat release for Bio-
diesel B20 is lower duringmixing controlled combustion stage.
The lower heating value, lower volatility and higher viscosity
for Biodiesel fuel compared to the Diesel fuel are the main
reasons for altering the combustion characteristics.
Results related to emissions of Diesel and Biodiesel B20 with
hydrogen enrichment
After experimental tests and simulation results obtained on
pure Diesel fuel and Biodiesel B20 another set of tests has been
carried out at the same operating conditions for both fuels
enriched with different small fractions of hydrogen (0e5%
energetic fractions). The analysis of engine operation at full
load revealed no major changes in engine performance pa-
rameters but important variations on measured emissions.
Nitrogen oxides
The variation of nitrogen oxides NOx emissions in respect to
the energetic fraction of hydrogen enriched Diesel and Bio-
diesel at full loadanddifferentenginespeedsareshowninFigs.
14 and 15. At engine speed 1400 rpm, the NOx emissions
decreased up to 17.4% for Biodiesel B20when enriched by 4.7%
hydrogen compared to Diesel fuel. At engine speed 2400 rpm,
the NOx emissions were decreased for both fuels compared
with the low engine speed. Moreover, it can be observed that
Fig. 15 e Variation of NOx with hydrogen percentage at full load, 2400 rpm.
Fig. 16 e Variation of Smoke emission with hydrogen percentage at full load, 1400 rpm.
the NOx emissions were decreased up to 9.36% for Diesel fuel
compare to Biodiesel B20 fuel at high speed. Thismay be due to
decreased radiation heat transfer due to lower soot concen-
tration and to the present higher oxygen content of Biodiesel
which can be associatedwith a higher post flame temperature.
Smoke
Smoke emission measured in Filter Smoke Number (FSN)
decreased for Biodiesel B20 as compared to base Diesel at
1400 rpm and 2400 rpm as shown in Figs. 16 and 17. For engine
speed 1400 rpm, FSN decreased by 29%, when pure Diesel fuel
Fig. 18 e Variation of CO with hydrogen percentage at full load, 1400 rpm.
Fig. 17 e Variation of Smoke emission with hydrogen percentage at full load, 2400 rpm.
Fig. 19 e Variation of CO with hydrogen percentage at full load, 2400 rpm.
is substituted by Biodiesel B20. A similar effect is registered for
2400 rpm where the decrease is 27%. This may be due to ox-
ygen content of the Biodiesel molecule, which can be associ-
ated with a higher post flame temperature enabling complete
combustion. Hydrogen enrichments lead to decrease of smoke
with 7.87%, 13.6% and 2.7% by hydrogen fractions of 2.47%,
3.64% and 4.87% at 1400 rpm for Diesel fuel, whereas with B20
this trend is not so clear. A slight reduction by 5% is registered
only with 4.87% hydrogen enrichment. At engine speed
2400 rpm the presence of hydrogen in fractions of 2.47%, 3.64%
and 4.87% decreases smoke by 5%, 4.8% and 10.5% for pure
Diesel fuel, but the influence is not similar for B20. In the case
of pure Diesel fuel, the smoke level is generally higher than
B20 and the influence of hydrogen addition is not similarly
coherent. While for pure Diesel fuel the hydrogen presence at
low speed has an important effect for high speed this effect is
not notable. For both engine speeds FSN seems to be almost
insensitive to hydrogen addition. In this sense, it appears that
the active role of hydrogen atoms in soot formation by prop-
agating the aromatic ring formation is in competition with OH
radicals formation, acting as soot formation suppressors. The
effect of fuel enrichment with hydrogen on the balance be-
tween the rate of formation and the rate of oxidation on the
filter smoke number is not so apparent.
Carbon monoxide emission
The variation of carbon monoxide to the hydrogen enrich-
ment at same operation conditions is presented in Figs. 18 and
19. The CO emission was lowered with B20 compared to pure
Diesel, due to the fact that Biodiesel is an oxygenated fuel.
When enriched Diesel fuel and B20 with hydrogen, the CO
emission was decreased. This decreasing was up to 63.14% by
enrichment of B20 with 2.47% hydrogen compared to Diesel
fuel. The reduction of the CO emission may be attributed to
the oxygen content of Biodiesel, which can be associated with
a higher post flame temperature that enables complete com-
bustion. A slight trend of increasing the CO emission by
hydrogen enrichment is noticeable for Biodiesel B20 and this
behavior can not be explained by simply substitution in fuel
oxidation of carbon with hydrogen. It is possible that
hydrogen in certain conditions to suppress the kinetics of COe
O2 reaction in the so-called “wetmechanism” of CO oxidation.
Total unburned hydrocarbons
The total unburned hydrocarbons (THC) emissions decrease
for Biodiesel B20 as compared to base Diesel fuel as shown in
Figs. 20 and 21. The enrichment of Diesel and B20 with
hydrogen led to more reduction in THC. The THC emissions
decreased up to 25% with B20, due to the active oxidation
Fig. 20 e Variation of THC with hydrogen percentage at full load, 1400 rpm.
Fig. 21 e Variation of THC with hydrogen percentage at full load, 2400 rpm.
process which is developed in quite similar environmental
conditions which enables complete combustion.
Ignition delay (ID)
Ignition delay (ID) in a compression ignition engine is defined
as the period between the start of fuel injection and the start
of combustion. Start of fuel injection is usually taken as the
time when the injector needle lifts off its seat. In this study,
the start of combustion was predicted from the change in
slope of the heat release rate. The variation of ignition delay
with respect to the hydrogen fraction at full load for pure
Diesel and Biodiesel B20 is shown in Figs. 22 and 23. From
these figures it expresses that Biodiesel B20 has shorter igni-
tion delay than Diesel fuel. The reduced values of ignition
delay for B20 in respect to Diesel fuel is caused probably by
higher cetane number of B20. The Biodiesel has higher cetane
number (46.6e62) [1,3,4]. The hydrogen addition seems that
does not affect mixture formation either for Diesel and for B20
before the combustion starts and this is due to the fact that
hydrogen content is in small fractions and hydrogen has
higher autoignition temperature 858 K [31], whereas the
autoignition temperatures of Diesel and B20 are 783.1 K and
799.8 K respectively [32].
Conclusions
An experimental and numerical study was performed for
analyzing the effect of Biodiesel B20 on engine performance,
combustion and emissions characteristics of a tractor Diesel
engine operating at full load and different speeds (1400 rpm,
the maximum torque speed and 2400 rpm the maximum
power speed). The numerical study was developed using the
AVL-HYDSIM and AVL-BOOST 2013 codes for predicting
mixture formation, combustion characteristics and emis-
sions. Moreover, it was experimentally studied the effects of
hydrogen enrichment in different energetic fractions (from
0 to 5%) for Diesel and B20 fuels on engine emissions and
combustion. The main conclusions are listed in the following:
 Higherpenetrationdistancewaspredicted forBiodieselB20,
resulting in an increase in the chances ofwall impingement
and consequently in increased the NOx formation.
Fig. 22 e Variation of ID with hydrogen percentage at full load, 1400 rpm.
Fig. 23 e Variation of ID with hydrogen percentage at full load, 2400 rpm.
 Higher bulk modulus, density and viscosity for Biodiesel
B20, resulted in the increase of the SMD and in-line pres-
sure,whereas the spray cone anglewas decreased compare
to Diesel fuel.
 The higher oxygen content of 10e12% for Biodiesel B20
enhanced the combustion process resulting the reduction
in CO, THC and smoke emissions.
 BSFC was higher with Biodiesel B20 overall operation
conditions due to the reduced value of the lower heating
value for B20 than for Diesel fuel.
 The effective power and effective torque were lower with
B20 compared to Diesel fuel.
 The Biodiesel B20 has shorter ignition delay overall oper-
ating conditions than Diesel fuel; these reduced values are
caused by higher cetane number of B20.
 The simulation results for the two engine speeds and test
fuels, compared with experimental data, are in accordance
and hence the simulation models developed by using
advanced tools have been proven to be reliable and
adequate for the proposed objectives.
 Overall operation conditions, the hydrogen added to pure
diesel and B20 enhances the combustion resulting in a
reduction of THC and smoke emissions.
 Concerning the NOx emissions these were increased at
1400 rpm, whereas, the hydrogen presence had no an
apparent effect for engine speed 2400 rpm.
 Hydrogen addition in small amounts changes the engine
emissions probably due to the subtle interactions occurring
in combustion development after the unchanged auto-
ignition of the base fuels (Diesel or Biodiesel B20). The start
of combustion event remained the same for Diesel respec-
tively for B20without significant effect ofhydrogenaddition.
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